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INTRODUCTION 

It has been shown t h a t  s y n t h e t i c  z e o l i t e s  such as ZSM-5 can be used t o  conver t  
owgenated compounds der ived  from b i o m s s  m a t e r i a l s  i n t o  hydrocarbon compounds 
which can be used as f u e l s  and chemical feedstocks (1,2,3.41. 

However, the p y r o l y s i s  o i l s  obtained from woods by d i f f e r e n t  therno l iquefac-  
t i o n  processes (5,6), show poor hydrocarbon y i e l d  and high t a r  con ten t  when con- 
t a c t e d  over ZSM-5 z e o l i t e  c a t a l y s t s  a t  h igh  temperature (7,8). Since t h e  p y r o l y s i s  
o i l s  are composed o f  a wide v a r i e t y  o f  oxygenated compounds such as cyclopentanone, 
f u r f u r a l ,  phenol, a c i d  and carbohydrate d e r i v a t i v e s  (9,10), it i s  d i f f i c u l t  t o  
p o i n t  ou t  exac t ly  which f a m i l y  o f  compounds i s  c o n t r i b u t i n g  m r e  t o  t h e  observed 
t a r  content and t o  the d e a c t i v a t i o n  o f  the c a t a l y s t s .  C a t a l y t i c  s tud ies  on model 
compounds which are genera l l y  found i n  the p y r o l y s i s  o i l s  are t h e r e f o r e  pr imord ia l  
i n  order t o  determine the  bes t  c a t a l y t i c  system. The reac t ions  o f  pheno l ic  com- 
pounds over ZSM-5 c a t a l y s t s  are already repor ted  ( 8 ) .  The present paper thus r e -  
p o r t s  the r e s u l t s  f o r  the  conversion o f  cyclopentanone, f u r f u r a l ,  glucose and i t s  
i sopropylidene d e r i v a t i v e  over H-ZSM-5, Zn-ZSM-5 and Mn-ZSM-5 z e o l i t e  c a t a l y s t s  a t  
temperatures rang ing  from 400°C t o  500°C. Some reac t ions  are supplemented w i t h  
methanol i n  t h e i r  feeds so as t o  determine the  e f f e c t  o f  increased hydrogen t o  
carbon e f f e c t i v e  r a t i o  on the deoxygenated hydrocarbon y i e l d s .  

EXPERIMENTAL 

Preparat ion and c a r a c t e r i z a t i o n  o f  c a t a l y s t s  

The aiiiiionium f o r m  o f  ZSM-5 was prepared accord ing  t o  a pub l i shed procedure 
(11). The H-form o f  t h e  c a t a l y s t  was obtained by c a l c i n a t i o n  a t  500°C f o r  10 
hours. The z inc  and manganese loaded c a t a l y s t s  were grepared by i o n  exchange i n  a 
10% aqueous s o l u t i o n  o f  Zn(NO,I2 and Mn(N0,) A f t e r  washing and d r y i n g  
a t  160°C over n i g h t ,  the  s o l i d  was c a l c i n e d  f o r  10 hours a t  520°C. The X-ray d i f -  
f r a c t i o n  p a t t e r n  o f  the th ree  s y n t h e t i c  ZSM-5 are s i m i l a r  t o  those repor ted  i n  the 
l i t t e r a t u r e .  

Apparatus 

The c a t a l y t i c  conversion were s tud ied  i n  a cont inuous f l o w  quar tz  r e a c t o r  w i t h  
a f i x e d  bed o f  d i l u t e d  c a t a l y s t s .  The r e a c t i o n  c o n d i t i o n s  are  repor ted  i n  t a b l e  1. 
A f t e r  an exper imental  run  (about 3 hours), t h e  t a r  on t h e  c a t a l y t i c  bed was de ter -  
mined by t a k i n g  the d i f f e r e n c e  i n  weight o f  the  r e a c t o r  be fore  and a f t e r  p l a c i n g  i t  
i n  a furnace s e t  a t  500°C on the  presence o f  a i r .  The r e a c t i o n  products were ana- 
l y z e d  by GC and GC/MS ( t a b l e  l ) .  

a t  - 80 C. 

The chemical composi t ion o f  ZSM-5 samples are shown i n  t a b l e  1. 

RESULTS AND DISCUSSION 

Figure 1 shows the  y i e l d  o f  conversion, C, - C, a l i p h a t i c s ,  aromatics, po ly -  
aromat ics and t a r  as a f u n c t i o n  o f  r e a c t o r  temperature f o r  pure cyclopentanone over 
H-ZSM-5/bentonite (80/20) c a t a l y s t .  The conversion i s  completed a t  350°C. The 
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main reac t i on  i s  thermal decarbonylat ion g i v i n g  C, hydrocarbons t h a t  reac t  f u r t h e r  
on the c a t a l y t i c  bed t o  produce a l i p h a t i c  aromatic and polyaromatic hydrocarbons. 

T a b l e  2 shows t h e  r e a c t i o n  o f  pure f u r f u r a l  (H/C f f=  0) over var ious c a t i o n  
exchanged ZSI1-5 c a t a l y s t s  a t  400°C. The deoxygenated hy%rocarbon y i e l d s  range f rom 
6.6 t o  9.4% and the  oxygenated hydrocarbon y i e l d s  range f rom 25.6 t o  50.0%. These 
values r e f l e c t  t he  poor performance o f  a l l  t h ree  c a t a l y s t s  i n  deoxygenating f u r f u -  
r a l .  The la rge  q u a n t i t i e s  o f  f u ran  and CO observed i s  due t o  thermal decarboxyla- 
t i o n  o f  f u r f u r a l .  Higher t a r  contents were observed f o r  t he  metal exchanged cata-  
l y s t s  (21.2 and 25.9%) than the hydrogen exchanged c a t a l y s t  (14.2%). The low water  
contents  (range o f  2.7 t o  7.0) produced f rom these reac t i ons  i n d i c a t e  poor c a t a l y -  
t i c  deoxygenation o f  f u r f u r a l .  CO , which i s  produced f rom p y r o l y t i c  react ions,  i s  
obtained i n  low y i e l d s .  The yie?ds f o r  the a l i p h a t i c s  (9.0 2 1.4%) and o l e f i n s  
(8.5 f 2.1%) are comparatively smal ler  than those f o r  t he  aromatics (47.7 2 3.5%) 
and polyaromatics (34.7 2 3.8%). Polyaromatics are u s u a l l y  produced on the  sur face 
of  the  z e o l i t e  because they are too l a r g e  t o  en te r  o r  leave the  channels o f  t he  
z e o l i t e ;  h igh values f o r  these compounds are i ndes i rab le  because they a re  n o t  
use fu l1  as chemical feedstocks. 

F igure 2 shows the product  d i s t r i b u t i o n s  f o r  the reac t i on  o f  var ious f u r f u -  
r a l  /methanol mix tures over H-ZSM-5/bentonite (80/20) a t  a reac to r  temperature o f  
450'C; The abscissa i n  f i g u -  
r e  2 i s  g iven i n  both i nc reas ing  percentage o f  methanol and inc reas ing  (H/CIef f for  
t h e  feed. As methanol increases the  y i e l d s  f o r  deoxygenated hydrocarbons and water  
increase wh i l e  those f o r  t a r ,  f u ran  and CO decrease. The d r a s t i c  increase o f  deo- 
xygenated compounds and water and decrease o f  f u r a n  w i t h  i nc reas ing  methanol con- 
c e n t r a t i o n  i n d i c a t e  t h a t  s i g n i f i c a n t  c a t a l y t i c  deoxygenation i s  t ak ing  place. A t  
a b o u t  55% methanol /45% f u r f u r a l  (H/CIef  o f  0.85, t he re  i s  complete removal o f  
f u ran  f rom the reac t i on  products; on ly  smafl q u a n t i t i e s  o f  o ther  oxygenated hydro- 
carbons were present  (< 0.26%). The y i e l d s  f o r  t h e  other  products were s i m i l a r  t o  
those observed p rev ious l y  f o r  f u r f u r a l .  Only a t  70% methanol/30% f u r f u r a l  t he re  
was a s i g n i f i c a n t  reduc t i on  i n  the  t a r  content, i.e. 6.7% (14.1% on carbon bas is) .  
The average CO, present was 0.3 t 0.1%. 

Table 3 shows the product  d i s t r i b u t i o n  f o r  reac t i ons  o f  fur fura l /methanol  
(30/70) over var ious concentrat ions o f  H-ZSM-5 a t  450°C. By d i l u t i n g  the  c a t a l y s t  
w i t h  bentoni te  f rom 80 t o  18%, the  deoxygenated hydrocarbon y i e l d  increased f rom 
30.6 t o  41.4%. Changing the  support ma te r ia l  f rom b e n t o n i t e  t o  Al,O,/SiO, caused a 
smal l  reduct ion i n  the  deoxygenated hydrocarbon y i e l d  (36.3%)); t he re  was, however, 
l e s s  coke formed when compared t o  the other  two cases. The product  s e l e c t i v i t i e s  
were s i m i l a r  t o  those o f  prev ious cases. 

Table 4 shows r e s u l t s  f o r  reac t i ons  o f  glucose and glucose d e r i v a t i v e  done 
Over 80% H-ZSM-5 and 20% b e n t o n i t e  a t  450°C. With an increased (H/C)eff. t he re  
were increased deoxygenated hydrocarbon y i e l d s  f o r  the glucose/methanol /water 
(20.0/30.0/50.0) and glucose der ivat ive /methanol /water  (27.6/60.2/12.2) cases when 
conpared t o  t h a t  o f  the glucose/water (20.3/79.7) case. Also, t he re  was a s imul ta-  
neous decrease i n  t a r  content  w i t h  an increase i n  (H/Clef{. However, i n  a l l  cases 
the  hydrocarbon y i e l d s  are poor and the  t a r  contents  are The h i g h  water 
content  observed i n  a l l  experiments (29.2 t o  66.1%) i s  n o t  on ly  due t o  c a t a l y t i c  
deoxygenation through l o s s  o f  water b u t  a l so  due t o  polycondensation reac t i ons  o f  
glucose and i t s  de r i va t i ve .  These condensation reac t i ons  produce polymeric oxyge- 
nated compounds which are responsib le  f o r  the h igh  t a r  content  observed. Oxygena- 
t e d  hydrocarbons, CO and CO,, a re minor products which are normally obta ined from 
thermal decomposition o f  biomass ma te r ia l s  (12). The product  s e l e c t i v i t y  i nd i ca tes  
a h igh  percentage o f  a l i p h a t i c s  (23.6 t o  50.5%) and aromatics (34.2 t o  53.2%). 

on l y  the major components i n  the  products a re  shown; 
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Except f o r  t h e  r e a c t i o n  w i t h  glucose/water, the  o l e f i n  contents are low f o r  the  
o t h e r  two reac t ions .  The produc t ion  o f  polyaromat ics (mainly indene and naphthale- 
ne d e r i v a t i v e s )  i s  r a t h e r  h i g h  (2.56 and 7.24%) cons ider ing  t h a t  they are produced 
from the surface o f  the  z e o l i t e  r a t h e r  than i n  the  channels o f  t h e  z e o l i t e .  

To t e s t  the  e f f i c i e n c y  o f  the  c a t a l y s t ,  experiments were done w i t h  18% H-ZSM-5 
( i n s t e a d  o f  80%) dispersed i n  82% bentoni te.  Also, t h e  c a t a l y t i c  bed would have 
l e s s  a c i d i c  s i t e s  (Bronsted s i t e s )  which are  known t o  promote po lymer iza t ion  o f  the  
carbohydrates and hence reduce the  deoxygenated hydrocarbon y i e l d .  Table 5 shows 
t h e  r e s u l t s  f o r  experiments done on the  d i l u t e d  c a t a l y t i c  bed. Only i n  the  gluco- 
se/methanol/water (20.0/30.0/50.0) case t h e r e  was a s i g n i f i c a n t  increase i n  the  
deoxygenated hydrocarbon y i e l d  and a decrease i n  t a r  content. Hence, reducing t h e  
number a c i d i c  s i t e s  does n o t  reduce the e x t e n t  o f  the  po lymer iza t ion  o f  the carbo- 
hydrates. However, there  was an inc rease i n  the  polyaromat ic content i n  t a b l e  5 
compared t o  t h a t  i n  t a b l e  4 i n d i c a t i n g  t h a t  t h e r e  i s  more surface r e a c t i o n  i n  the  
d i l u t e  c a t a l y s t  case. 

When t h e  c a t a l y t i c  support  mater ia l  was changed from benton i te  t o  a mix tu re  o f  
A1,0, and S i 0  , t h e  y i e l d  o f  deoxygenated hydrocarbon increased f o r  both cases as 
showed i n  t a b f e  6 when compared f o r  s i m i l a r  cases i n  tab les  4 and 5. There were 
a l s o  a comparable decrease i n  t a r  content f o r  these react ions.  

Deoxygenation o f  glucose/water (20.3/79.7) w i t h  manganese and z inc  exchanged 
ZSM-5 are r e p o r t e d  i n  t a b l e  7. There are  a reduc t ion  i n  the  deovgenated hydrocar-  
bon y i e l d s  when compared t o  s i m i l a r  reac t ions  i n  t a b l e s  4 and 5. The t a r  contents 
were j u s t  as h igh  as the reac t ions  before.  The produc t  s e l e c t i v i t y  which i s  nor- 
m a l l y  i n f l u e n c e d  by these metal exchanged z e o l i t e s  were no t  very d i f f e r e n t  from 
those repor ted  before.  

CONCLUSION 

Cyclopentanone i s  deoxygenated w i t h  h i g h  y i e l d  t o  hydrocarbons over H-ZSM-5 a t  
4OO'C. The r e a c t i o n  o f  f u r f u r a l  over ZSM-5 c a t a l y s t s  a t  400'C and h igher  tempe- 
r a t u r e s  produce p y r o l y t i c  products which are v o l a t i l e  and non-vo la t i le .  The vola- 
t i l e  f r a c t i o n  are deoxygenated t o  produce hydrocarbon products w h i l e  the  non-vola- 
t i l e  f r a c t i o n  remain on t h e  c a t a l y t i c  bed causing desac t iva t ion  o f  the  z e o l i t e  and 
enhancement o f  t h e  t a r  content.  Glucose and i t s  i sopropy l idene d e r i v a t i v e  undergo 
thermal reac t ions  which produce a s i g n i f i c a n t  amount o f  t a r  and a small amount o f  
v o l a t i l e  products.  The v o l a t i l e  f r a c t i o n  are deovgenated by ZSM-5 c a t a l y s t s  t o  
produce hydrocarbon products. 
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TABLE 1 

Chemical composi t ion o f  ZSM-5 samples 

(Component (WT%) I H-ZSM-5 

0.55 I 2.25 
86.86 --- 

7.62 

I /Molar  Rat io  

S i0  /A1,0, 65.47 1 Na26/A1 ,03 1 0.40 

Mn-ZSM-5 

0.69 
2.33 

91.05 
0.78 

0.64 
3.26 

--- 

66.32 
0.49 

Zn-ZSM-51 

87.62 

70.80 

* L.O.I. means l o s s  on i g n i t i o n  o f  sample weight. 

REACTION CONDITIONS 

C a t a l y s t  weight : 10 g (80% ZSM-5 + 20% b e n t o n i t e )  
Temperature : 350-560°C 
Pressure : atmospheric pressure 
I n e r t  gas : he l ium (- 3 ne/min) 
WHSV ** : v a r i a b l e  
React ion t ime : 3 hours 

** The weight hour ly  space v e l o c i t y  (WHSV) i s  def ined as: 

WHSV = g o f  i n j e c t e d  feed per hour 
g o f  c a t a l y s t  

ANALYTICAL CONDITIONS 

0 Gas chromatography : HP 5890 GC w i t h  OB-5 (SE-54) 
column (30 m x 0.25 mn, 1.0 p) 

then 20 min a t  160°C 

Pona column and OB-5 column 

For l i q u i d  : 70°C (4 min), then 4"C/min t o  160'C 

Gas : 33°C ( i s o t h e r m a l )  
GC/MS : HP 5890 Gc and MS d e t e c t o r  
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TABLE 2 

React ion o f  f u r f u r a l  over c a t i o n  exchanges ZSM-5 a t  400°C and WHSV o f  0.281 h r - I  

Experimental c o n d i t i o n s :  

C a t a l y s t  composi t ion:  80% H-ZSM-5 80% Zn-ZSM-5 80% Mn-ZSM-5 
20% b e n t o n i t e  20% benton i te  20% benton i te  

T o t a l  p roduc t  d i s t r i b u t i o n  (WT%) 

Furan 47.0 23.8 27.8 
1 Oxygenated hydrocarbons 50.0 25.6 40.7 
Tar 14.2 21.2 25.9 

Furan 47.0 23.8 27.8 
1 Oxygenated hydrocarbons 50.0 25.6 40.7 
Tar 14.2 21.2 25.9 
co 22.8 36.3 17.9 co 22.8 36.3 17.9 

0.56 4.84 1.89 
4.39 2.69 6.97 

9.42 6.64 
;:a 
Deoxygenated hydrocarbons 8.00 

Product s e l e c t i v i t y  (WT%) 

A l i p h a t i c s ,  C, - C, 8.84 7.62 10.5 
Olef ins ,  C, - C, 8.46 10.6 6.48 
Aroma t i cs 50.6 48.8 43.9 
Polyaromat ics 32.1 32.9 39.1 

TABLE 3 

Reaction o f  fu r fu ra l /methano l  (30/70)feed ( (H/CIe f fo f  1.17) over H-ZSM-5 a t  450°C 

Experimental c o n d i t i o n s :  

C a t a l y s t  composi t ion:  80% H-ZSM-5 18% H-ZSM-5 18% H-ZSM-5 
20% b e n t o n i t e  82% benton i te  482 A1 0 

34%  id,^ 
WHSV (Hr-1) 0.029 1.26 1.26 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 

Oxygenated hydrocarbons* --- 1.36 0.83 

co 9.44 7.84 1.25 
0.48 0.58 0.30 

Tar 6.74 7.60 4.90 

52.7 41.6 50.4 
Deoxygenated hydrocarbons 30.6 41.1 36.3 

Product s e l e c t i v i t y  (WT%) 

A l i p h a t i c s ,  C ,  - c, 1.82 11.6 20.7 
O l e f i n s ,  C, - C, 2.90 3.01 3.63 
Aromatics 83.5 72.8 60.8 
Polyaromat ics 11.9 12.6 14.8 

* Mainly furan and benzofuran, d e r i v a t i v e s  and dimethylether.  
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TABLE 4 

Reaction o f  glucose and glucose d e r i v a t i v e  over 80% H-ZSM-5 
and 20% b e n t o n i t e  a t  450°C 

Experimental cond i t ions :  

Reactant composition: 20.3 glucose 20.0 glucose 27.6 glucose d e r i v a t i v e  

WHSV ( H r - l )  0.062 0.195 0.313 
(H/C ),,ff 0.0 1.59 1.36 

79.7% water 30.0% methanol 60.2% methanol 
50.0% water 12.2% water 

- 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 
Oxygenated hydrocarbons --- 0.7W 3.87** 
Tar 65.1 33.3 14.1 
co 
co 
H A  

2.14 0.46 0.23 
1.48 1.41 0.92 

29.1 59.7 66.1 
Dgoxygenated hydrocarbons 2.18 4.43 14.8 
Product s e l e c t i v i t y  (WTX) 
'R l iphat ics ,  C1  - C, 23.6 35.7 50.5 
O le f ins ,  C, - C, 41.6 3.81 2.74 
Aromatics 34.8 53.3 43.2 
Polyaromatics*** --- 7.24 3.56 

TABLE 5 

React ion o f  glucose and glucose d e r i v a t i v e  over 18% H-ZSM-5 
and 82% benton i te  a t  450°C 

Experimental cond i t ions :  

Reactant composition: 20.3% glucose 20.0% glucose 27.6% glucose d e r i v a t i v e  
79.7% water 30.0% methanol 60.2% methanol 

50.0% r a t e r  12.2% water 
WHSV (Hr-1) 0.862 1.195 1.12 
(H/C Ieff 0.0 1.59 1.46 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 
Uxygenated hydrocarbons 0.58* 0.96* 4.20** 
Tar 51.3 21.0 11.1 
co 3.79 1.76 0.84 
co 2.82 0.29 0.79 
H A  39.4 57.9 64.3 
Dzoxygenated hydrocarbons 2.15 18.1 18.8 
Produc t  s e l e c t i v i t y  (WTx) 
n i D h a t i c s ,  C,  - C, 29.0 43.6 17.5 
O le f ins ,  C; -'c6 7.33 1.18 14.0 
Arornati cs 45.2 45.3 55.8 
Pol yaromat ic s*** 18.3 9.99 12.7 
* Mainly fu ran  and benzofuran der iva t ives ;  ** M a i n l y  . acetone and f u r a n  der iva- 

t i v e s ;  **34ainly indene and naphthalene d e r i v a t i v e s  
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TABLE 6 

React ion o f  glucose and glucose d e r i v a t i v e  over 18% H-ZSM-5 
and 48% Al,O, and 34% SiO,  

Experimental c o n d i t i o n s :  
~~ 

Reactant composition: 20.0 glucose 27.6 glucose d e r i v a t i v e  
30.0% methanol 60.2% methanol 
50.0% water 12.2% water 

WHSV ( H r - l )  1.18 1.11 
(H/C),,q 1.59 1.46 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 
Oxygenated hydrocarbons u.1z 

co 1.59 1.76 
co 0.44 0.47 

Tar 14.3 os: 
H J  62.4 53.5 
&oxygenated hydrocarbons 21.2 37.2 
Product s e l e c t i v i t y  (WT%) 
A l i p h a t i c s ,  C ,  - C. 19.0 21.0 
O le f ins ,  C, -'c, " 12.0 0.32 
A r o m t i c s  65.6 62.0 
Pol yaroma ti c s 3.42 8.66 

TABLE 7 

React ion o f  20.3% glucose and 79.7% water over manganese 
and z inc  exchanged ZSM-5 

Experimental c o n d i t i o n s :  

Catzly: i s  coiiipos i t i  on 80% Wn-ZSI-I-5 80% Zn-ZSM-5 
20% benton i te  20% benton i te  

WHSV (Hr-1) 0.046 0.055 
(H/C Ieff 0.0 0.0 

T o t a l  p roduc t  d i s t r i b u t i o n  (WT%) 
W q e n a t e d  hvdrocarbons --- --- - -  
Tar 72.3 53.1 
co 2.60 2.23 
co 1.91 4.19 

0.68 Deoxygenated hydrocarbons 0.89 
Product s e l e c t i v i t y  (UT%) 
x l i p h a t i c s ,  C1 - C, Lb.U 35.4 
Ole f ins ,  C, - C, 42.8 2.60 
Aromatics 31.0 62.0 

22.3 39.8 H26  

Pol yaromat ic s --- --- 


